INTRODUCTION
Otoacoustic emissions offer a promising acoustic window on the mechanics of the cochlea. That window is clouded, however, by an incomplete knowledge of the transmission properties of the middle ear. The potential for using otoacoustic emissions as a noninvasive probe of cochlear mechanics is nicely illustrated by the work of Allen and Fahey, who have recently proposed using measurements of acoustic distortion products to measure the gain of the "cochlear amplifier" (Allen and Fahey, 1992; Fahey and Allen, 1985) . Cogent analysis of that and other combination-tone experiments depends critically, however, on understanding the reflection and transmission of retrograde waves by the middle ear. Models of otoacoustic emissions often ignore the considerable interference effects arising from middle-ear reflection, making it difficult to compare their predictions with experiment.
The framework outlined in the companion paper (Shera and Zweig, 1992a) characterizes both forward and reverse transmission through the middle ear. This paper--the third in a series (Shera and Zweig, 1991c, 1992a-c) devoted to problems of middle-ear mechanics--illustrates, largely by means of concrete example, how that framework can be applied to address problems of cochlear and middle-ear mechanics involving the reflection and transmission of cochlear waves by and through the middle ear.
The paper consists of two parts. In the first, the phenomenological framework outlined in the companion paper (Shera and Zweig, 1992a ) is re-expressed in the equivalent language of middle-ear scattering coefficients. In the second, a eochlear scattering formalism suited to the analysis of combination-and cancellation-tone experiments is developed within the context of a simple psychophysical Gedankenexperiment similar to the neurophysiological experiments of Fahey and Allen (1985) . Finally, examples are provided that illustrate the considerable interference effects that arise due to the reflection of retrograde waves from the stapes. It is shown, for example, that the ear can generate tones that are considerably louder outside the cochlea than they are within it. So= , For example, so long as the cross-sectional area of the ear canal does not vary too rapidly, the wave impedanees for the ear canal are independent of direction and equal to the local value of the characteristic impedance Zo. Thus, P,• =,•(P, +ZoUe).
To find the cochlear waves Po • , recall that the cochlea of the cat manifests a tapering symmetry (Shera and Zweig, 199 la) that guarantees that the wavelength or characteristic impedance X changes slowly with position •y in the basal turns of the cochlea. The cochlear wave impedances are therefore also approximately independent of direction (despite the rapid variation of scalae area in the basal turn), and P + =•(P+ XU).
When evaluated at the basal end of the organ of Corti near the stapes (i.e., at X = 0), the wavelength •o is simply the cochlear input impedance (Shera and Zweig, 1991a). Appendix A summarizes the formulas for the obtaining the scattering matrix of a system given its transfer matrix and the wave impedances at its ports. In addition, Appendix A shows how to combine scattering matrices representing the individual networks in a cascade to find the matrix representing the cascaded system.
II. ANALYZING COMBINATION-TONE EXPERIMENTS
This section develops, largely by means of concrete example, a framework for the analysis of combination-tone and similar experiments in which eoehlear nonlinearities create distortion products that propagate in both directions along the organ of Corti. The effects of the middle ear are explicitly included. The framework allows the convenient incorporation of cochlear reflection and interference phenomena into analytic approximations of the responses of eachlear models to multiple pure-tone stimuli.
Although the techniques outlined here are useful for the analysis of a number of experiments (e.g., Furst et al., 1988) , the discussion uses as its principle example an experiment similar to that of Fahey and Allen (1985) . That experiment uses distortion-product otoacoustic emissions to drive the middle ear "in reverse," and compares the amplitude of the combination tone measured in the ear canal at threshold (defined, for example, by a constant basilar membrane velocity at CF) with the pressure recorded when a tone at the distortion-product frequency--its loudness also adjusted to threshold--is played directly.
More specifically, the experiment consists of measuring the ratio p of ear-canal pressures P• defined by 
where the superscripted "th" indicates that the pressure is measured at psychophysical or nenrophysiological threshold. The pressures P• represent the complex Fourier components of the ear-canal pressure p• at the distortion-product frequency. The qualifter "intracochlear source" denotes a stimulus condition in which the measured tone is generated within the cochlea as a distortion product; "external source" indicates that the tone is produced in the ear canal with an earphone.
A The source region is regarded as a nonlinear "glass box" (denoted •0 ) described by level-dependent boundary conditions at its borders. The box is glass, its walls transparent, because its behavior, unlike that of a linear system, cannot be characterized completely in the frequency domain without detailed knowledge of its components. The following analysis focuses exclusively on wave propagation at the combination-tone frequency fct, regarding the primaries simply as parametric "knobs" controlling the amplitude and phase of the distortion products generated within [a,b]. Unless otherwise noted, all equations are therefore tacitly understood to apply only at the frequency fc t . viewed from its boundaries, the source region is assumed to be described, at the combination-tone frequency, by the equation 
The first term in Eq. (12) describes wave propagation across the region; the second, wave generation within it. In the infinite, reflectionless cochlea described above, the vector P•+ • vanishes, and the region acts only as a source: 
Intracochlear source
When the tone is generated within the cochlea as a distortion product (Fig. 1, bottom) , the total forward-traveling 
z,+Zo where Zo is the characteristic impedance of the ear canal. Consequently, the total ear-canal pressure can be written 
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where & is the ratio of source-wave amplitudes?
•P•/P[. (with cavities opened) computed using the feline middle-ear models of Carr and Zweig ( 1984) (Elliot, 1958; Thomas, 1975; Kemp, 1980; Zweig, 1991 ) . Recall that, for simplicity in the example, the scattering of traveling waves and their possible amplification at low levels by the "lasing" action of the cochlea (Zweig, 1991 ) have here been ignored (i.e., R p• = 0). In the more realistic case•or an actual measurement-one expects an additional fine structure, cognate to the microstructure in the threshold hearing curve, superimposed on the features found here. 
Then,
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•This notation differs from that of an earlier paper (Shera and Zweig, 1991b), which represents the same information using a diacritical arrow. 7The prime denotes differentiation with respect to the "spatial" variable in terms of which the distance between two points is given by -i times the total series impedance between them (Shera and Zweig, 1991a).
aNote that these definitions differ from those conventional in the circuit theory of scattering matrices, in which the impedances Z• are assumed to be positive real and the forward and reverse waves (conventionally denoted a• and b•) defined so that their product has the dimensions of a power (e.g., Kuo, 1962) . In the latter respect, the Waves defined here are
